Abstract. We present a complete cross-validation of significant wave heights (SWH) extracted from altimetry data from all ten existing satellites with available in situ (buoy and echosounder) wave measurements for the Baltic Sea basin. The main purpose is to select an adequate altimetry data subset for a subsequent evaluation of the wave climate. The satellite measurements with the backscatter coefficients > 13.5 cdb, errors in the SWH normalized standard deviation > 0.5 m and snapshots with centroids closer than 0.2° to the land are not reliable. The ice flag usually denotes the ice concentration of > 50%. The presence of ice affects the SWH data starting from concentrations 10%, but substantial effects are only evident for concentrations > 30%. The altimetry data selected based on these criteria have very good correspondence with in situ data, except for GEOSAT Phase 1 data (1985)(1986)(1987)(1988)(1989) that could not be validated. The root-mean-square difference of altimetry and in situ data is in the range of 0.23-0.37, which is significant for the Baltic Sea, compared with an average wave height of ~ 1 m. The bias for CRYOSAT-2, ERS-2, JASON-1/2 and SARAL data is below 0.06 m. The ENVISAT, ERS-1, GEOSAT and TOPEX satellites revealed larger biases up to 0.23 m. The SWH time series from several satellite pairs (ENVISAT/JASON-1, SARAL/JASON-2, ERS-1/TOPEX) exhibit substantial mutual temporal drift and part of them evidently are not homogeneous in time. A new high-resolution SWH data set from the SARAL satellite reveals a very good correspondence with the in situ data and with the data stream from previous satellites.
INTRODUCTION
The complexity of wave fields and particularly their spatial and temporal variations in the Baltic Sea extend far beyond the typical features of surface wave climate in water bodies of comparable size (Leppäranta & Myrberg 2009; Soomere 2016) . Owing to the relatively small size of the sea, the wave fields mainly follow changes in the wind properties and at times reveal even regime shifts . The processes that depend on wave activity are thus particularly susceptible to wind climate changes (Tõnisson et al. 2011; Suursaar et al. 2014 ). The elongated shape of the sea and some of its subbasins augments the effects related to the rotation of strong wind directions (Viška & Soomere 2012; Pindsoo & Soomere 2015) . The seasonal presence of ice adds complexity to the system. As ice cover protects the nearshore domains and coasts during a large part of the windy season, its reduction via the climate warming may lead to a major increase in the wave energy approaching the nearshore. Changes in ice cover may, thus, substantially modify the evolution of the coastal environment (Orviku et al. 2003; Ryabchuk et al. 2011 ).
The impact of the listed features is interspersed with other elements that enhance the intrinsic complexity of the Baltic Sea wave fields. The presence of extensive archipelago areas (Tuomi et al. 2014) , relatively shallow regions and occasional convergent wind patterns (Soomere et al. 2008) gives rise to significant spatiotemporal variability in the wave properties (Soomere & Räämet 2011) . Specific features of wave generation near irregular coastline sections (Kahma & Calkoen 1992; Tuomi et al. 2012) or the impact of so-called slanting fetch conditions (Pettersson et al. 2010 ) make the quantification of wave fields even more difficult. The evolution of the southern and eastern partially subsiding sedimentary coasts is almost fully wave-dominated (Harff & Meyer 2011; Zhang et al. 2013; Deng et al. 2014 ) and any considerable change in the wave properties may substantially impact their development and even stability. In this context, proper quantification of the Baltic Sea wave climate is a hugely important and challenging task.
Currently, three sources of wave data are available for the research community, namely, direct measurements, modelling and satellite altimetry. The direct measurements (usually waverider buoys but also echosounder-or ADCP-based devices) have provided high-quality, detailed variability of the major features of wave fields such as significant wave heights (SWH), wave periods and directions since the mid-1970s. These data are regularly reviewed (e.g., Pettersson et al. 2013) and are one of the core assets in the evaluation of the local wave climate in different domains of the Baltic Sea (Broman et al. 2006; Tuomi et al. 2011; Soomere et al. 2012; Suursaar 2013 Suursaar , 2015 .
However, the cost of direct measurements does not allow covering the whole area of interest. Wave measurements in the northern regions of the sea are limited to the ice-free time (Tuomi et al. 2011) . As a consequence, the relevant data sets have long gaps and several commonly used characteristics (e.g., annual mean wave height or average period) may become meaningless (Tuomi et al. 2011; Ruest et al. 2016) . Moreover, extensive spatial variations in the Baltic Sea wave climate that are often almost uncorrelated (Soomere & Räämet 2011 suggest that direct measurements result in very limited knowledge.
Wave modelling is performed on large spatial scales and provides good results for open ocean conditions. The limitation of modelling is that the results are dependent on wind quality and (to a lesser extent) assumptions fed into the model. Even though the increased quality of wind fields has significantly improved the accuracy of wave hindcast and forecast in the Baltic Sea (Cieślikiewicz et al. 2008; Tuomi et al. 2011 Tuomi et al. , 2014 , detailed reconstruction of wave climate is still a major challenge for this basin (Hünicke et al. 2015) . Along with the problems associated with the variability of ice cover extension from 12.5% to 100% of the Baltic Sea (Leppäranta & Myrberg, 2009) , modelling efforts still suffer from major mismatches between different model outputs and between modelled and measured wave data. Decadal and multi-decadal reconstructions of wave fields (Soomere & Räämet 2011; Tuomi et al. 2011; Alari 2013) show qualitatively similar patterns but reveal significant mismatches in quantitative terms (Nikolkina et al. 2014) . The most probable reason for the mismatches is that the wind data sets tend to lose their quality at some distance from the shore (Räämet et al. 2009 ).
In such a situation remote sensing data, first of all, systematic exploitation of properties of the wave field derived from satellite altimetry, may provide a sensible solution. Various remote sensing methods cover large spatial areas and provide fairly (albeit not completely) homogeneous and continuous (along a certain line) data about the sea state on the large scale. Multiple studies have focused on cross-validation of the satellite altimetry data with the buoy data. The high quality of the altimeter data has been demonstrated both globally (Queffeulou 2004; Queffeulou et al. 2010; Queffeulou & Croizé-Fillon 2012) and for smaller basins, e.g., for the Chukchi Sea (Francis et al. 2011) , Indian Ocean (Shaeb et al. 2015; Kumar et al. 2015) , Mediterranean Sea (Cavaleri & Sclavo 2006; Galanis et al. 2012) and Arabian Sea (Hithin et al. 2015) .
The observations in question span today over more than 20 years and thus provide a valuable contribution not only to evaluate the sea state at present but also to studies of wave climate. The use of satellite altimetry has substantially contributed to the relevant analysis in remote locations of the open ocean. For example, Young et al. (2011) found a significant global increase in wind speed and wave height. The trends are, however, different in different parts of the ocean and for various parameters of wave fields. The North Atlantic region exhibits a small decrease in the mean SWH, but a definite increase in its 90th and 99th percentiles, which displays an increase in the severity of the storms. A significant rise in the wave height by 20 mm/yr was identified in the Chukchi Sea (Francis et al. 2011) , probably because of the shrinking of the ice cover in the region. The annual mean SWH in the Central Arabian Sea exhibits a positive trend of 6.3 mm/yr (Hithin et al. 2015) .
The use of satellite altimetry is problematic in coastal areas and partially ice-covered water bodies, and none of the mentioned studies included the Baltic Sea. The use of this approach has been scarce in this region. The relevant studies include only comparisons of model results with TOPEX/POSEIDON altimetry data in 1996-1999 (Cieślikiewicz et al. 2008 ) and with the JASON-1 altimetry for five years (Tuomi et al. 2011) . Recently, Rikka et al. (2014) used high-resolution SAR data for the evaluation of wave properties at a short distance (a few hundreds of metres) from the shoreline.
Large discrepancies between the SWH values provided by different missions and time drifts of single missions (Queffeulou 2004; Queffeulou & Croizé-Fillon 2012) are generic problems with the use of satellite altimetry. This concerns first the early missions. For example, a bias of about 0.5 m is observed between ERS-1 and TOPEX in terms of global ocean monthly mean (Queffeulou et al. 2010 ). An effort to provide corrected SWH data sets has been performed within the European Space Agency Globwave project (www.globwave.org). These biases and shortages contaminate the particular and average values of SWH in single locations and may introduce fake trends of changes in the basinscale average SWH. However, they apparently do not affect the qualitative appearance of spatial patterns of wave intensity as well as changes in these patterns.
Another possible reason for such an infrequent use of altimetry data in the Baltic Sea is the general belief that this method of retrieving wave properties has too large uncertainties in such small and seasonally ice-covered sea areas where almost the entire sea surface can be considered as a nearshore region. In this paper, we demonstrate that these limitations for the use of satellite altimetry in the Baltic Sea basin can be circumvented by careful analysis of the geometry of the basin, ice conditions and spatial coverage of each altimetry snapshot. As a side result, a thorough validation of the entire data set of 30 years of multi-mission altimetry covering the whole of the Baltic Sea makes it possible to identify the magnitude of mismatches between in situ and satellite data and between different missions, and possible temporal drifts in data provided by these missions for the Baltic Sea basin. More generally, this analysis allows us to identify these data sets that provide adequate information. Some preliminary results of the study have been presented in Kudryavtseva et al. (2016) . To assess the limitations of the satellite altimeter data quality, the data were cross-matched with available direct wave measurements, mainly with the information from buoys of the Swedish Meteorological and Hydrological Institute and Finnish Meteorological Institute.
DATA AND METHODS

Altimetry data
The satellite altimetry data used in this paper were obtained from the Radar Altimeter Database System (RADS) database (http://rads.tudelft.nl/rads/rads.shtml) (Scharroo 2012; Scharroo et al. 2013) . This database provides altimeter data uniformly reduced for multiple missions, which reduces a bias between data from different satellites and makes it possible to examine long-term changes in the wave climate. As mentioned above, the RADS data still reflect deviations between different missions and time drifts of single missions (Queffeulou 2004; Queffeulou & Croizé-Fillon 2012) . For the Baltic Sea region, the relevant data from nine satellites are available over the period of 1985-2015 and analysed in this paper (Table 1 ). The satellite altimeters measure significant wave heights but provide no information about the wave period and direction. The basic data of these missions can be retrieved from, e.g., JASON-2 Handbook (JASON 2008) , Vignudelli et al. (2011) , CRYOSAT Product Handbook (ESA 2012) or SARAL/AltiKa Products Handbook (Bronner et al. 2013) .
Even though different satellites have a different density of observations, the measurements fairly densely cover the entire Baltic Sea (Fig. 1) . The SARAL and CRYOSAT-2 altimeters have the highest density of observations over the Baltic Sea region, with roughly daily visits to this basin. On the contrary, the POSEIDON altimetry data have very sparse coverage and often contain only 1-2 measurements per month. We focus on the analysis of Ku-band altimeter data for all satellites except for SARAL, for which only Ka-band is available. The data were selected in the range of latitudes 53.5 to 67°N and longitudes 6 to 30°E over the Baltic Sea (land/sea flag4 = '0').
Data from buoys
For the validation of the altimeter data, we use SWH data from waverider buoys (Fig. 2, Table 2 ) of the Swedish Meteorological and Hydrological Institute (SMHI) and the Finnish Meteorological Institute (FMI), and older data from upward-looking echosounders at Almagrundet (Martensson & Bergdahl 1987; Broman et al. 2006) . Data from the Swedish Meteorological Institute were retrieved through the open data interface (http://opendatadownload-ocobs.smhi.se/explore/). The FMI open data (en.ilmatieteenlaitos.fi/open-data-manual) were accessed through the data mining tool described in Giudici & Soomere (2015) . The buoys used for the comparison were selected based on data availability and a duration of observations longer than a year (to ensure that the yearly averages and the following statistical analysis make sense). Some of the FMI buoys cover longer time intervals of observations (Pettersson et al. 2010 (Pettersson et al. , 2013 Tuomi et al. 2011 ), but we limit our analysis to the available open data.
According to the manufacturers, contemporary directional waveriders (including those used by the SMHI and FMI) retrieve the wave height for quite a wide range of wave periods (1-30 s) with an accuracy of 0.5% of measured values. This accuracy is usual in field conditions where the typical correlation coefficient of readings of closely located measurement devices is 0.97-0.99 (e.g., Taylor et al. 2002; Liu et al. 2014 ) and where small variations in the SWH at different locations are an intrinsic feature of natural sea states. The presence of moorings may decrease this accuracy to some extent (Liu et al. 2014) . The estimates of SWH at Almagrundet are derived using the 10th largest wave during the measurement interval of 640 s and the assumption that wave heights are Rayleigh distributed (Broman et al. 2006 ). This assumption considerably increases the uncertainty of the readings, and the deviation between such estimates of SWH and alternative estimates from the wave spectrum reaches 7% for extreme sea states (Broman et al. 2006 ).
Cross-matches between satellite and buoy measurements
To validate the SWH data provided by satellite altimeters, we compare them to the available buoys data. Following Høyer & Nielsen (2006) , we look for satellite altimeter data centred within 0.3° distance from the buoy and time difference between the instants of observations less than 30 min for each buoy measurement. The crossmatching radius in degrees is the same along latitudes and longitudes. This means that the cross-matching area is a rectangle with a North-South extension (about 100 km) about twice as large as the East-West extension (about 50 km). The analysis of SWH residuals does not show any dependence on the time difference and spatial difference for this set of values. This is consistent with the results of Monaldo (1988) and Zieger et al. (2009) who showed that half an hour time separation leads to the uncertainty of 0.3 m for the SWH.
As the TOPEX satellite does not have any data to 0.3° from the buoys, the cross-matching radius for this mission was increased to 0.4°. The POSEIDON satellite has no data within 0.5° from the buoys. As the use of even longer cross-radii is not justified in spatially fairly inhomogeneous wave fields of the Baltic Sea, the POSEIDON data were excluded from the following analysis.
The resulting samples were further scanned for possible errors or other shortages. We first excluded the data with the backscatter coefficient > 13.5 cdb (see, e.g., Gairola et al. (2014) for a description of this quantity) and large errors in SWH normalized standard deviation. These levels of the backscatter coefficient correspond to low wind speeds of < 2.5 m/s. As the typical significant wave heights of the Baltic Sea are around 1 m (Tuomi et al. 2011; Soomere 2016) , potential errors larger than half of this value (> 0.5 m) are generally unacceptable.
Several phenomena may substantially affect the outcome of satellite altimetry. To avoid the impact of such phenomena, we used flags provided by each mission, which marked data as bad because of rain or the presence of sea ice. We also applied similar flags that warned about possible large errors in the range, backscatter coefficient and significant wave height (flags 7, 11, 12, 13 in the RADS database). On top of that, it is well known that the GEOSAT data have a problem with the attitude status (e.g. Sandwell & McAdoo 1988) . For this reason, the attitude flag (flag 1 in the RADS database) was applied to these data as well. JASON-1 and ERS-1 missions have a few measurements with SWH equalling exactly zero. As such measurements are probably simply erroneous, these data were removed as well. The ERS-2 and TOPEX satellites showed significant scatter in comparison with the Almagrundet echosounder measurements. Further analysis indicates that the enhanced level of scattering was mostly owing to large differences between the altimetry and echosounder data within a short time range December 1996-April 1997. These months correspond to a data subset that was recorded by the WHM device just before a longer gap in the Almagrundet data in 1998. As the quality of the WHM data from Almagrundet is problematic and the recorded wave periods are unrealistic (Broman et al. 2006) , the mismatch and the resulting scatter most likely are caused by problems with the echosounder data. Interestingly, if this period is excluded, the rest of the data do not exhibit any significant bias between the ERS-2 and TOPEX observations and the echosounder recordings. This feature suggests that the overall cyclic variation in wave heights at Almagrundet (Broman et al. 2006) , and particularly a decrease in the wave heights in 1999-2003, is realistic.
The analysis of the cross-matches reveals a good correspondence between the buoy recordings and wave heights extracted using satellite altimetry (Figs 3, 4) . The quality of cross-matching demonstrated for JASON-1 is at the same level for other satellites. The best match is at locations in the offshore of the Baltic Proper, somewhat less convincing at measurement sites in smaller sub-basins such as the Bay of Bothnia or the Gulf of Finland and poorer in nearshore locations such as Troubadour.
To examine if there is a bias between altimeter data and buoys, we fit a reduced major axis regression in cross-matches between a single satellite and all buoys. The relevant parameters are calculated with 'lmodel2' package in R statistical computing language (R Core Team 2015). The fitted intercept for JASON-1 SWH versus cross-matches with all buoys (incl. the echosounder at Almagrundet) is -0.001  0.02 (Fig. 5) . The level of the relevant p-value of 0.5 indicates that the nonzero location of this value is not statistically significant. Therefore, there is no systematic shift between the wave heights extracted from the JASON-1 data and measured at the sea surface. The slope of the major regression axis is 0.96  0.01. The corresponding p-value 0.0006 shows that the correlation is significant at a much higher level than 99%. The difference between the ideal match (with a slope equal to 1) and the empirical slope indicates a systematic (albeit fairly small) difference in the two sets of wave heights.
Due to the limited amount of adequate cross-matched data, it was not possible to derive systematic differences from fitting a regression line in the buoy cross-matches for the other satellites. For this reason the relevant match is characterized using the differences between altimetermeasured significant wave heights and in situ measured wave heights using the root-mean-square error (RMSE)
and the average value  of differences between the SWH retrieved from satellite altimetry sat H and from in situ measurements buoy :
Here n is the number of cross-matching satellite and buoy data samples. This analysis is complemented by means of fitting the histogram (empirical distribution) of differences of sat H and buoy H with a normal distribution (with a mean )  and finding the standard deviation  of this distribution. A simple estimate of the error (or uncertainty) of the average difference  is calculated as n  (Table 3) .
VALIDATION OF WAVE INFORMATION FROM SATELLITES
Deviations of in situ and satellite measurements
The RMSE is less than 0.4 m for all satellites (except for Phase 1 of GEOSAT). This is consistent with the expected uncertainty of 0.3 m for the half an hour time separation between the satellite and buoy observations (Monaldo 1988; Zieger et al. 2009 ). The Phase 1 of GEOSAT measurements contained initial satellite data in [1985] [1986] [1987] [1988] [1989] . These data were most likely prone to additional systematic errors that may have been present in the early stage of the satellite era. Unfortunately, the number of cross-matches with the in situ data in the Baltic Sea is insufficient to find out which types of errors are responsible for the large scatter. Owing to the exceptionally large level of RMSE for GEOSAT Phase 1 (> 1 m), it is not recommended to use GEOSAT Phase 1 observations for the evaluation of the properties of wave fields and this data set is excluded from further analysis. Systematic differences between the satellite data and in situ measurements are fairly small for all satellites included in further analysis ( 
Distance from the coast
The level of scattering between the altimetry and in situ data depends to some extent on the location of the To understand the reasons for this feature, we calculated the distance from the land for each altimetry snapshot to check how strongly the data were affected by the proximity of the coast. We used the classic digital bathymetry of the Baltic Sea taken from Seifert et al. (2001) with a resolution of about one nautical mile and calculated the distance from the coast for the centroid of each cross-matching area of the altimeter measurement.
Not unexpectedly, data from all satellites showed a strong dependence of the range measurement uncertainty on the distance from the land. The clearest reliance on the separation from the coast is evident in the GEOSAT data where the data were evidently corrupted when the centroid of the cross-matching area was located less than 0.2° from the coast (Fig. 6 ). The samples from other satellites were less sensitive with respect to the neighbouring shores; however, a clear increase in the level of scattering in buoy-satellite cross-matches was evident for locations separated by less than 0.2° from the land. It is therefore strongly recommended to exclude the altimeter data closer than 0.2° to any section of the coast in future applications of the altimeter data over the Baltic Sea.
Ice cover
To validate the ice flags provided in the RADS data set and to study the effect of ice cover on the quality of altimeter data, we calculated ice concentration for each altimeter measurement. The ice concentration measurements (OSI-409-a dataset) were taken from EUMETSAT OSI SAF Global Sea Ice Concentration Reprocessing data (EUMETSAT Ocean and Sea Ice Satellite Application Facility. Global sea ice concentration reprocessing dataset 1978-2015 (v1.2, 2015) . Norwegian and Danish Meteorological Institutes, http://osisaf.met.no).
The ice concentration maps were generated with brightness temperature data from the Nimbus-7 Scanning Multichannel Microwave Radiometer and the Defense Meteorological Satellite Program. The data were taken for 37 years during 1978-2015 with a time resolution of one day. For each satellite altimetry measurement, the ice concentration was calculated as an average over a five-kilometre radius, comparable with the footprint of satellite altimetry analysed in the paper (~ 2-20 km). If no ice data were available for the day, the ice level was flagged as not available. The values of SWH retrieved from altimetry snapshots over sea areas with larger ice concentration are characterized by greater uncertainties in the range, backscatter coefficient and wave height. The distribution of SWH exhibits the significant difference between measurements with high and low ice concentration (Fig. 7) . The wave heights show, on average, higher values when ice concentration is less than 30%, whereas the ice seems to affect the data starting from as low concentrations as 10%. It is not clear beforehand whether this feature simply reflects the damping effect of waves by floating ice pieces (Wadhams et al. 1988) or whether the results of altimetry are additionally affected by the presence of ice. It is, however, clear that the inclusion of altimeter data measured over the areas with high ice concentrations can affect the overall wave height statistics in the Baltic Sea. It is thus recommended to exclude data from regions with substantial ice coverage from the analysis of wave climate.
A more detailed comparison of the RADS and EUMETSAT data reveals that the ice flag in the RADS data was turned on at the ice concentration of 50%. The flagging itself is highly consistent: no data with an ice concentration of more than 50% missed the ice flag, and this threshold of flagging of ice conditions is appropriate for the Baltic Sea conditions. For example, flagging the data with an ice concentration of > 30% results in the additional exclusion of 0.1% of the altimetry data.
Bias between the satellites
To look for possible systematic differences between the SWH retrieved using different missions, we performed a cross-matching between satellites. As JASON-1 has the largest amount of cross-matching data with in situ measurements, we focus on the comparison of its data flow with wave heights retrieved from other missions. The procedure was carried out with the same parameters as cross-matching with the buoys, namely, only snapshots that were separated by less than 0.3° and with time difference less than half an hour. The set of data used for cross-matching covers the whole of the Baltic Sea. All the flagged and questionable data were removed from the comparison. Similarly to the above, a regression line was fitted to significant wave height cross-matches to find the systematic deviations. A reduced major axis regression was used to estimate the best fit (Zieger et al. 2009 ). The regression line modelling results (intercept, slope, p-value and significance) are listed in Table 4 . As above, we employ the 99% level of statistical significance, that is, set a value as significant if the p-value is less than 0.01. The results are consistent with the comparison of the outcome of different missions with the in situ measurements (see Table 3 ). For example, the bias between the SWH from CRYOSAT-2 and JASON-1 is 0.04  0.06 m, while the bias between the buoys and CRYOSAT-2 data is 0.04  0.02 m. The systematic deviation between ENVISAT and JASON-1 is -0.19  0.03 m (Fig. 8, Table 4 ), whereas there is a -0.15  0.03 m bias between the ENVISAT satellite and the buoys. The data from all other satellites also show a very consistent pattern of deviations from the JASON-1 data set.
Several reasons such as sensor damage, change of orbit or drift of electronic devices can result in timevariable biases between satellites, which can affect Yes 17  1% 0.01 --------* These satellites could not be compared to the JASON-1 data due to lack of simultaneous measurements.
further wave climate studies. To examine whether the satellites considered in this study exhibit this kind of bias changes, we analysed the time variability of biases between satellites. For this purpose, we calculated the mean (bias) and RMSE differences between the SWH retrieved from satellite pairs for each year separately. The level of variation of the bias can be, to a first approximation, quantified using a sort of modulation index i m (see the last two columns of Table 4) :
[%] 100 std( ) ,
where i  is defined in Eq. (2) The bias between ERS-2 and JASON-1, GEOSAT and JASON-1, TOPEX and JASON-1, and ERS-1 and TOPEX significant wave height data is of the order of 10%. Consequently, the SWH time series from these satellites contain a very low level of temporal biases. The other satellites showed a significant drift of 50-70% in terms of the modulation index. The highest time changes are between the SARAL and JASON-2 satellites. Even though in this particular case part of the drift can be explained by a different frequency of SARAL observations, the data in Table 4 strongly hint that some of the satellite altimetry data sets are not homogeneous in time. Consequently, as suggested in Queffeulou (2004) and Queffeulou & Croizé-Fillon (2012) , in most occasions the time-variable bias between the SWH time series provided by some satellites should be taken into account in further studies using satellite altimetry data for the Baltic Sea. Even though the bias is much lower than in the global ocean (Queffeulou et al. 2010) , apparently owing to relatively low overall wave intensity in the Baltic Sea, this suggestion is eventually most relevant for such pairs of satellites as ENVISAT/JASON-1 (0.13 m), SARAL/JASON-2 (0.08 m) and ERS-1/TOPEX (0.05 m), since the absolute changes in bias between these satellites is the largest and reaches ~ 0.1 m.
DISCUSSION AND CONCLUSIONS
We presented for the first time a complete crossvalidation of multi-mission satellite altimetry data and in situ wave measurements available for the Baltic Sea basin. The focus was on the selection of a reasonablequality altimetry data subset for the subsequent evaluation of the main properties of the wave climate and its spatiotemporal changes in the Baltic Sea.
The comparison of significant wave heights retrieved from the satellite altimetry data for the Baltic Sea with the available in situ (buoy and echosounder) observations first suggests that the satellite measurements with the backscatter coefficients > 13.5 cdb or errors in the SWH normalized standard deviation more than 0.5 m are generally not reliable and should not be used in any analysis of wave properties. The high levels of backscatter coefficients usually correspond to low waves that generally are unreliably represented by altimetry measurements. Note that the current study could not examine the quality of the altimeter data in the regime of very high waves since the maximum in situ measured SWH in the Baltic Sea is 8.2 m (Tuomi et al. 2011) and SWH in extreme storms hardly exceed 9.5 m (Soomere et al. 2008) .
We also examined how the distance from the land and the presence of ice affect the quality of the altimeter data. It was found that altimetry snapshots with centroids closer than 0.2° from the land should be used, if at all, with extreme care. The analysis of the effect of ice concentration on the quality of the altimeter data showed that the ice flag masks the data with the ice concentration of 50% in the common remote sensing data sets. Our comparison indicated that the presence of ice affects the data starting from concentrations around 10%, but substantial effects are evident for concentrations > 30%. Even though it is hard to separate the influence of ice concentration on altimeter measurements and the effect of wave attenuation due to ice, we recommend to include in the analysis of wave climate the data with the ice concentration less than 30%.
Cross-matching the altimetry data selected based on these criteria with in situ measurements showed a very good correspondence between these data sets. Only GEOSAT Phase 1 data covering the years 1985-1989 contain substantial deviations from the ground truth and should not be used for wave studies. The root-meansquare difference and bias of altimetry and in situ data are in the range of 0.23-0.37 and  0.23 m, respectively. The bias for CRYOSAT-2, ERS-2, JASON-1/2 and SARAL is below 0.06 m. A few systematic biases between the altimetry and in situ data sets are consistent with the biases found for the data from different satellites.
As also noted for the global ocean (Queffeulou 2004; Queffeulou & Croizé-Fillon 2012) , the altimetry data from several satellites exhibit substantial temporal drift. The magnitude of this drift is much smaller in the Baltic Sea than in the open ocean apparently because of overall lower wave intensity. A large time-variability in the biases was found for the pairs of satellites ENVISAT/JASON-1 (0.13 m), SARAL/JASON-2 (0.08 m) and ERS-1/TOPEX (0.05 m). This feature warns that the relevant time series, most probably, are not homogeneous in time, and their use for wave climate studies might be complicated. However, the biases between the satellites exhibit strong time variability and can change by ~ 0.1 m, so they should be taken into account in the future studies. The GEOSAT Phase 1 data from 1985-1989 (see Table 1 ) could not be adequately validated due to the sparseness of early in situ data and lack of the availability of simultaneous satellite observations. This should be taken into account when using the results of the paper.
A new high-resolution (measured at a higherfrequency Ka-band) altimeter data set from the SARAL satellite showed a very good correspondence with the in situ data with no systematic bias (-0.01  0.01 m). Moreover, this data set also showed very good match with the data stream from previous satellites. The bias between the significant wave heights provided by JASON-2 and SARAL is -0.02  0.09 m. The scatter of the relevant data points is fairly limited, and the slope of the relevant regression line is 1.01  0.04 m and its deviation from the ideal value of 1 is not significant. As the SARAL satellite data have a very good coverage of the Baltic Sea (see Fig. 1 ), the data from this satellite are probably the most valuable asset for the quantification of the Baltic Sea wave climate and understanding of spatio-temporal patterns of its changes.
